A gas chromatographic method with a pulsed flame photometric detector (P-FPD) is presented for the analysis of 28 parent organophosphate (OP) pesticides and their OP metabolites. A total of 57 organophosphates were analyzed in 10 representative fruit and vegetable crop groups. The method is based on a judicious selection of known procedures from FDA sources such as the Pesticide Analytical Manual and Laboratory Information Bulletins, combined in a manner to recover the OPs and their metabolite(s) at the part-per-billion (ppb) level. The method uses an acetone extraction with either miniaturized Hydromatrix column partitioning or alternately a miniaturized methylene dichloride liquid-liquid partitioning, followed by solid-phase extraction (SPE) cleanup with graphitized carbon black (GCB) and PSA cartridges. Determination of residues is by programmed temperature capillary column gas chromatography fitted with a P-FPD set in the phosphorus mode. The method is designed so that a set of samples can be prepared in 1 working day for overnight instrumental analysis. The recovery data indicates that a daily column-cutting procedure used in combination with the SPE extract cleanup effectively reduces matrix enhancement at the ppb level for many organophosphates. The OPs most susceptible to elevated recoveries around or greater than 150%, based on peak area calculations, were trichlorfon, phosmet, and the metabolites of dimethoate, fenamiphos, fenthion, and phorate.
anges, head lettuce, peaches, carrots, blackberries, and tomatoes. Each of these crops is a representative commodity of a major food crop group as defined in 40 CFR 180.34. It is anticipated that validation of a method for recovery of OPs in the representative commodities initially validates the method for other commodities in the crop group. Method validation data were also generated for grapes, cranberries, and strawberries, which are not included in any crop grouping. (p) Vials.-Clear, 2 mL, target DP, P/N 5182-0714 (Hewlett Packard), or equivalent; amber, 2 mL, target, DP I-D, P/N 5182-0717 (Hewlett Packard), or equivalent; glass inserts, 250 µL, flat bottom, P/N 5181-3377 (Hewlett Packard), or equivalent.
METHOD
(q) Vial caps.-Target, DP blue caps, T/RR septa, seal, kim snap, PTFE, blue, crimp seal, Teflon/rubber, P/N 5181-1210 (Hewlett Packard), or equivalent; amber snap, Teflon/rubber, P/N 5182-0550 (Hewlett Packard), or equivalent.
(r) Büchner funnel. 103 (4) 121 ( Recoveries <75 or >125% calculated with >25% difference in peak area of standard and sample.
b
Recoveries not calculated because incurred residues were found to be greater than the fortification level.
c
The bold results (of apple samples) were obtained using pulsed splitless injection technique. 
Control Sample Acquisition and Preparation
Fresh crops were purchased from a local organic food market when available. When organic produce was not available, crops were purchased from other local supermarkets. Frozen produce, specifically frozen blackberries, were used only when fresh produce was not available. Samples were prepared in accordance with The Pesticide Analytical Manual (PAM), Volume I, section 102 (1). Fruits and vegetables were comminuted in a commercial processor (Robot Coupe). The composites were placed in glass jars and extracted the same day.
Extraction
(a) Weigh 100 g sample composite into a high speed blender jar and add 200 mL acetone (2) . Fortify recovery samples with 1.0 mL spiking standard (ca 0.1 µg/mL) and add 199 mL acetone for a total volume of 200 mL acetone. Extract a reagent blank with every sample set using distilled water of an amount equivalent to the percent moisture of the commodities and add 200 mL acetone.
(b) Blend at high speed for 2 min, then filter with suction in a 12 cm Büchner funnel with sharkskin paper into a 500 mL flask.
(c) Select one of the following 2 partition methods (the 2 methods are interchangeable): (1) of the samples and (2) uses Hydromatrix as an alternative to manually shaking samples.
Partition A: Miniaturized Hydromatrix
Prepare a 25 g Hydromatrix column by placing into the bottom of a plain (no frit) chromatographic column a piece of stainless steel wire gauze, cut into a circle slightly larger than the column's internal diameter. Prepare Hydromatrix material by sieving 50 g Hydromatrix on a No. 30 brass sieve and pouring 25 g of the Hydromatrix remaining on the 30 mesh sieve into the tube. Gently tap the tube to settle the Hydromatrix. Place a second, circular piece of stainless steel gauze on top of the 25 g Hydromatrix in the column. Condition the Hydromatrix column by first washing with 150 mL 0.1M buffer solution with the stopcock fully open. After the buffer solution is in the column and the flow rate from the column slows to 3-5 mL/min, wash the column with 300 mL acetone. After the first 100 mL acetone elutes, quickly adjust the flow rate to 50-60 mL/min. Immediately wash the column with 300 mL methylene chloride and readjust the flow rate to 50-60 mL/min after the first 100 mL methylene chloride elutes. Prior to using the column for sample partitioning, prewash the column with 100 mL acetone followed by 100 mL methylene chloride.
Sample partition.-Place a 200 or 500 mL Turbovap tube under the Hydromatrix column. Transfer a 40 mL aliquot of filtered acetone extract to the conditioned Hydromatrix column and collect the extract until the flow rate slows to <1 mL/min. Equilibrate the column an additional 3 min at this low flow rate. Add 25 mL methylene chloride to the top of the column and collect the eluate until the flow rate slows again to <1 mL/min. Add another 25 mL methylene chloride and collect the eluate until the flow rate slows again to <1 mL/min. Add a final 150 mL methylene chloride and collect the eluate until the flow rate slows again to <1 mL/min. Elution time is ca 15 min. Concentrate the eluate to ca 2 mL using the Turbovap set at 30EC. If the 200 mL Turbovap tube is used, begin the concentration with low pressure then increase the pressure to 25 psi when the extract level is low enough to avoid splashing. Add 100 mL petroleum ether and concentrate to 2 mL. Add another 50 mL petroleum ether and concentrate to 2 mL. Add 20 mL acetone and concentrate to 2-3 mL. Proceed to the extract cleanup step.
Restoring Hydromatrix columns.-Do not change the stopcock setting. When adsorbed color or water starts to elute, after every 9 crop samples maximum or more frequently if necessary, wash with 200 mL acetone followed by 200 mL 0.1M buffer solution. Wash with 300 mL acetone followed by 200 mL methylene chloride. The column is now ready to be reused.
Partition B: Miniaturized Liquid-Liquid Partition
Transfer a 20 mL aliquot of the filtered acetone extract, obtained from E1 extraction (PAM), to a 125 mL separatory funnel and add 25 mL petroleum ether and 25 mL methylene chloride. Shake for 1 min and allow the layers to settle for 5 min. Drain the lower aqueous layer into a second 125 mL separatory funnel containing 1 g NaCl and add 25 mL methylene chloride. Shake for 1 min and allow the layers to settle for 5 min then drain the lower organic layer back to the original separatory funnel. Add another 25 mL methylene chloride to the aqueous layer remaining in the second separatory funnel and shake 1 min. Allow the layers to separate for 5 min and drain the solvent layer back into the original separatory funnel. Dry the collected organic layer in the first separatory funnel through 25 g anhydrous sodium sulfate on glass wool in a 3 in. funnel. Concentrate the eluate to ca 2 mL using the Turbovap set at 30EC and 25 psi by adding 100 mL petroleum ether. Add another 50 mL petroleum ether and concentrate to 2 mL. Add 20 mL acetone and concentrate to 2-3 mL. Proceed to the extract cleanup step.
Cleanup
Add ca 12-14 mm magnesium sulfate (loosely packed) to a GCB SPE column and top with ca 4 mm Na 2 SO 4 . Attach a PSA SPE column below the GCB column using a column adaptor. Attach the tandem columns to a vacuum manifold containing beakers to collect the solvent waste. Wash the columns 3-4 times with 3 mL acetone-toluene. Apply 1-2 in. of vacuum. Place a 15 mL calibrated centrifuge tube in the manifold below each tandem SPE column. Add to the dry tandem cartridge the entire 2-3 mL acetone extract from the partition step. Rinse the turbovap tube with an additional 2 mL acetone and add rinses to the SPE column. Elute at a rate of 1-2 drops/s. When all the acetone is eluted from both cartridges, add 5 mL (2X) acetone-toluene (3 + 1, v/v) mixture. Concentrate the combined eluates (ca 13-15 mL) to 1 mL on an N-evap. Add 10 mL acetone, cap the centrifuge tube, mix, and evaporate again to either 0. Analysis GC coupled with P-FPD in the phosphorus mode was used for quantitation of the extracts and GC-FPD was used for confirmation of extracts. The FPD was adequate for confirma- Inlet (split/splitless).-EPC; mode, splitless; initial temperature, 220°C; pressure, 17.82 psi; purge flow, 74.4 mL/min; purge time, 1.00 min; total flow, 78.4; gas, helium.
Detector.-P-FPD; temperature, 300°C; P-FPD H 2 flow, 10.4 mL/min; P-FPD air 1 flow, 10.1 mL/min; P-FPD air 2 flow, 12.4 mL/min; combustor, 3 mm id; optical filter, phosphorus.
A 30 m DB-17 capillary GC column (0.25 mm id) was used for the confirmations. Other confirmatory columns of different polarity or other confirmatory techniques such as a different detector; i.e., MSD, would be equally acceptable provided the sensitivity is adequate to the part-per-billion level.
Oven temperature.-Initial temperature, 60°C; initial time, Inlet (split/splitless).-EPC; mode, splitless; initial temperature, 220°C; pressure, 15.31 psi; purge flow, 60.0 mL/min; purge time, 1.00 min; total flow, 65.9 mL/min; gas, helium.
Detector.-Temperature, 250°C; H 2 flow, 150.0 mL/min; oxidizer flow, 110.0 mL/min; oxidizer gas, air; mode, constant column + make-up flow; combined flow, 60.0 mL/min; make-up gas, nitrogen.
Results and Discussion

Pulsed Flame Photometric Detector (Phosphorus Mode)
Installation of the P-FPD by the manufacturer is recommended until the user is familiar with this detector. When ordering the system, the following are the critical specifications that must be met by the vendor: The instrument must be set in the phosphorus mode with a 3 mm combustor. A signal-to-noise (S/N) response of 30:1, or a detectivity of 30 fg phosphorus, must be achieved for 0.016 ng chlorpyrifos injected. Detectivity, or detectability, is the minimum amount of phosphorus detectable by a P-FPD or FPD that gives a signal equal to twice the peak-to-peak noise level.
where D P = minimum detectability for phosphorus (pg P/s); N P = peak-to-peak noise level in P mode (amp); A i = integrated peak area (amp × s); m P = mass of phosphorus atoms in the standard injected (pg P). The P-FPD requires use of a capillary column. This detector was designed specifically for capillary use and will not accommodate packed columns. The column flow rate for optimum performance is 1-3 mL/min. There is no make-up gas flow. The DB-1, a nonpolar low bleed column, was selected for quantitation. The other columns selected for this method are confirmatory columns. This detector performs optimally when column flow rates are consistent. Most of the data collected for this study were acquired in the constant flow mode instead of constant pressure mode. Use of the splitless injection technique is essential to achieve the necessary levels of sensitivity for the organophosphate pesticide residues. The appropriate splitless inlet liners should be used. Double taper and single taper liners with no glass wool were used in this study. A septumless system, such as the High Pressure Merlin Microseal septum, is highly recommended. This will minimize the occurrence of septum debris in the liner and extend the life of the liner. It will also help to reduce the frequency of replacing septa and will improve the reproducibility of chromatography. Vespel/graphite ferrules were used. These ferrules contract upon heating and will need to be retightened slightly after the inlet reaches the 220EC set point.
Chromatograms of the 57 organophosphates studied and the S/N response of each are provided in Figure 1 . The 57 organophosphates were subdivided into 4 mixed analytical standards because of unavoidable coelution. The chromatograms of Figure 1 represent good system suitability. Good separation of the organophosphates in the mixed standards was achieved as well as good peak shape and peak height. The average S/N response of the 57 OPs was 40:1.
In addition to chlorpyrifos (S/N = 30-40:1 for 0.016 ng injected), several other organophosphates are good indicators of system suitability. When the system performance is poor, the peak shape of several organophosphates will change notice- ably. Dimethoate, fenthion sulfone oxygen analog, acephate, methamidophos, dimethoate oxygen analog, and monocrotophos will all lose as much as 50% peak height and appear broad in width. In Figure 4 , chromatograms of 3 of the 4 mixed standards are provided as examples of poor system performance.
Quality of Gas Supply
The quality of gas supply is a critical component for successful operation of the pulsed flame photometric detector. In order to achieve the required sensitivity, the recommendations of the manufacturer should be followed. In this study, the following gases were used: 99.9993% ultra pure hydrogen with N 2 <7, total hydrocarbons (THC) <0.5, O 2 <1, and moisture <2 molar ppm; ultra high pure, zero grade air with oxygen content range 19.5 to 23.5, THC <0.5 and with moisture <3.5 molar ppm; and high purity helium carrier gas of 99.997% purity. In addition to the recommended gases, supplemental in-line gas filters (e.g. hydrocarbon traps) and moisture traps are absolutely necessary to achieve optimum sensitivity.
Partitioning
Two partitioning methods were used in this study. A modification of the Saxton partial miniaturization (3) developed by the Baltimore District FDA laboratory is offered as an alternative to the miniaturized Hydromatrix partition (4) . The results of the Hydromatrix and the common liquid-liquid partition are similar. Both partitioning methods were selected to reduce the amount of chlorinated solvent used.
Quantitation
Fifty-seven organophosphates were evaluated in 5 to 10 different crops. Of the 57 organophosphates, 20 were evaluated at approximately 1 ppb and 49 were evaluated below 9 ppb. The remaining 8 organophosphates were evaluated from 12 to 50 ppb. Quantitation by peak area was chosen. Peak broadening of some of the organophosphates occurs after samples are injected. As a result, peak height reproducibility is not always consistent. Peak area is independent of broadening and the reproducibility of peak areas is more consistent. Fortification levels and recovery data for the organophosphates and their metabolites studied are given in Table 1 .
Several of the acetone organophosphate standards routinely exhibited not only decreasing peak height response but also a diminishing peak area response subsequent to sample injections. The decreasing response of the peak areas of the acetone standards created artificially elevated spike recoveries for these organophosphates. This phenomenon is referred to as "matrix-induced chromatographic response enhancement" or matrix enhancement (5) . Of the organophosphates studied at the ppb level, those most susceptible to recoveries greater than 150% were trichlorfon, dimethoate OA, fenthion sulfone, phosmet, fenamiphos sulfone, fenamiphos sulfoxide, and phorate OA sulfoxide. Although matrix enhancement was seen in different crops, it was more prevalent in apples. Reducing the amount of apple sample matrix put onto the column from 14 to 7 mg did not correct the matrix enhancement problem. The amount of apple sample matrix was reduced by both taking smaller aliquots through the procedure and by further diluting the final extract. Neither proved the solution to this problem.
Other crops such as carrots contributed minimally to decreasing peak area responses of acetone standards and as a result, matrix enhancement was not as prevalent in carrots. Severe matrix enhancement was observed when aged sample composites were used in analyses. Apple composites that had aged more than a few weeks yielded recoveries of greater than 400-500% for many OPs using peak height calculations. This enhancement was greatly reduced when fresh apples composites less than 1 week old were used.
The tandem GCB/PSA SPE cleanup, developed by Schenck and Howard (6), was chosen because previous studies (7) found this combination to be the most practical, economical, and effective cleanup at controlling matrix enhancement. The GCB SPE adsorbs and filters plant pigments. Additional pigment cleanup is achieved with the anion exchange, PSA column. Anhydrous magnesium sulfate capped with a small amount of anhydrous sodium sulfate added to the top of graphite carbon black GCB cartridges also improved the cleanup of acetone extracts. Magnesium sulfate was especially effective for the removal of red coloring from red crops such as cranberries. A chromatogram of fortified tomatoes, strawberries, grapes, and carrots, given in Figures 5-8 respec- tively, show the effectiveness of the GCB/PSA cleanup.
Another advantage of this system is that the OPs and their metabolites pass through the columns while the coextractives are retained. This effect eliminates the problem of lot-to-lot variations in SPE cartridges. The cleanup of acetone extracts extends the life of inlet liners, minimizing system maintenance. It was found that by using the SPE cleanup on acetone extracts, the liner could be used for as many as 50-75 continuous samples before it needed to be changed. The clean-up of acetone extracts may also extend the life of capillary columns. The same DB-1 column originally installed with the P-FPD detector was used throughout the study.
The cleanup procedure alone, however, was not sufficient to prevent matrix enhancement for all the organophosphates. In our study, another technique was used to control and reduce the enhancement effect. Enhancement of recoveries occurs when peak area responses of acetone standards begin to decrease because of active sites in the GC system. Previous studies have indicated that the active sites occur mainly in the injection liner. Our study found that the primary problem of active sites may actually be occurring on the head of the column. To minimize the problem of diminishing peak responses of OP standards, a simple procedure was used routinely and effectively restored the column. After each sample set of 10 to 12 samples, a small portion of the column was removed. The procedure was to cool the injection port, remove the column from the inlet only, replace the ferrule, and clip off 2 to 3 in. chromatographic response of the OP standards. It was found that by removing a small segment of the inlet end of the column after each sample set, the standard peak area responses remained consistent for the next sample set. Removing a small portion from the front of the column prior to each sample set was more effective than frequently changing inlet liners.
Although this procedure involves daily column maintenance, it is quick and easy and helps to control matrix enhancement. It should be noted that no guard column/retention gap was used in this study. The small portion of the column removed after each sample set was taken directly from the DB-1 analytical column.
Three organophosphates, dichlorvos, naled, and trichlorfon, posed special problems. Dichlorvos is very volatile and is easily lost during any extraction requiring solvent concentration. Naled rapidly loses bromine to form dichlorvos upon contact with the metal surfaces in the GC inlet. Trichlorfon decomposes to form dichlorvos in the presence of active sites in the GC inlet and dichlorvos has been reported as an insecticidal impurity in trichlorfon standards (8) . The breakdown of trichlorfon and naled to dichlorvos skews the recoveries of these OPs. Under poor column conditions, the breakdown of trichlorfon and naled to dichlorvos is complete. Removing a section from the front of the column after each sample set or prior to a new sample set will prevent the complete conversion of trichlorfon and naled to dichlorvos. However, even under the best GC inlet conditions, breakdown of trichlorfon and naled is unavoidable and cannot be altogether eliminated.
A previous study (9) of 5 OPs at 0.4 ng/µL found that the pulsed splitless injection technique reduces OP loss to active sites in the inlet. Pulsed splitless injection is a technique that uses very high inlet/column flow rates during injection and requires a gas chromatograph equipped with electronic pneumatic control. The recommended pulse pressure of 70 psi could not be used with a P-FPD detector in this study. Pulsed pressures greater than 50 psi overwhelm the P-FPD detector which requires very slow column flow rates, no greater than 5 mL/min. Pulsed splitless injection using 35 psi was evaluated using the P-FPD. It was found that the S/N response of 14 OPs (0.014 ng/µL) was increased with this technique. While the pulsed splitless inlet injection technique does increase sensitivity, sensitivity was not a problem with the P-FPD. However, at the ppb level with the P-FPD detector, pulsed splitless injection did not alone offer a solution to the matrix enhancement problem when studied with apple samples. In Table 1 , recovery data using pulsed splitless injection is also provided.
There were several reoccurring reagent blank peaks and control peaks found in the extracts. While those peaks did not interfere with most of the OPs of interest, the reagent blank peaks did co-elute with ethoprop, methyl parathion, malathion oxon, fenamiphos sulfone, and fonofos using the DB-1 column. Several reagent blank peaks also have very similar RRTs to diazinon and diazinon oxon. For this reason, it is recommended that a reagent blank be extracted and injected with each sample set. Chromatograms of typical reagent blanks are provided in Figures 9 and 10 . A chromatogram of a straw- berry control is given in Figure 11 . In Table 2 , retention data using 3 different column phases is given for the 57 organophosphates. In this study, the analytical mixed standards (1/7 fortification standard) were prepared daily with each sample set. However, these standards are stable. Groups 1 and 2 mixed standards were re-evaluated 5 months after preparation and yielded no decreased responses. Groups 3 and 4 mixed standards were re-evaluated 6 weeks after preparation and yielded no diminished responses.
The determination of a precise limit of quantitation (LOQ) for each OP and its metabolite(s) was not an objective of this multiresidue method development project. Likewise, determining a precise LOD for each OP and its metabolite(s) was not an objective of this, the determination of a precise limit of quantification (LOQ) for each OP and its metabolite(s) was not an objection of this multiresidue method (MRM) project. However, estimates of the LOQ of the 57 organophosphates are provided in Table 3 based on the performance of one P-FPD system. Because the P-FPD is relatively new in the pesticide residue analysis field and has not yet gained wide acceptance, these limits are to be used only as guidelines until the detector gains wider use and more data is gathered using other P-FPD systems. The LOQ of organophosphates such as trichlorfon, fenthion sulfoxide PO, azinphos-methyl PO, coumaphos oxon, acephate, and fenamiphos sulfone may vary by as much as 2 to 7 times the estimated LOQ values provided. From Table 3 it is evident that the sensitivity of the P-FPD is excellent. The fortification and recovery levels chosen by ACB should be easily achievable by other laboratories.
Conclusions
Because of the improved sensitivity of the P-FPD compared with traditional FPDs, detection and quantitation at the 1 ppb level was easily achieved for many of the organophosphates studied. If the detector is properly installed, the gases are properly purified, and the gas flows are properly adjusted, sensitivity to 1 ppb with an S/N response of 30-40:1 can be achieved for many OPs. At these low quantitation levels, the predominant concern and the primary problem was enhancement of residue responses. A simple procedure was used in conjunction with extract cleanup to control matrix enhancement and to improve chromatography. This procedure involved daily removal of a small portion of the inlet end of the column.
According to the EPA Pesticide Test Guidelines for Residue Chemistry, Series 860.1340, acceptable recoveries for residue analytical methods used to collect monitoring data and enforce tolerances have to range from 70 to 120%. However, tolerances are generally an order of magnitude higher than our data quality objective of 1 ppb. This multiresidue method is designed to collect pesticide residue monitoring data and not to be an enforcement procedure. Thus, we conclude acceptable recoveries will range from 50 to 150%.
